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A triple- well atomtronic transistor combined with forced RF evaporation is used to realize a driven 
matterwave oscillator circuit. The transistor is implemented using a metalized compound glass and 
silicon substrate. On-chip and external currents produce a cigar-shaped magnetic trap, which is 
divided into transistor source, gate, and drain regions by a pair of blue-detuned optical barriers pro- 
jected onto the magnetic trap through a chip window. A resonant laser beam illuminating the drain 
portion of the atomtronic transistor couples atoms emitted by the gate to the vacuum. The circuit 
operates by loading the source with cold atoms and utilizing forced evaporation as a power supply 
that produces a positive chemical potential in the source, which subsequently drives oscillation. 
High-resolution in-trap absorption imagery reveals gate atoms that have tunneled from the source 
and establishes that the circuit emits a nominally mono-energetic matterwave with a frequency of 
23.5(1.0) kHz by tunneling from the gate, corresponding to a vacuum energy of 2.67 MHz x h, 
where h is Planck's constant, and a vacuum wavelength of 29 nm. Time-of-flight measurements 
indicate that the transistor exhibits ohmic cooling, i.e. negative resistance, and therefore has gain. 
Time-of-flight measurements are also used to determine an upper bound of the atomtronic transre- 
sistance, r m < 0.01 Hz/Hz x h/m 2 where m is the mass of 87 Rb, and that the closed-loop circuit 
energy gain varies between 3.1 and 3.6. 
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Radiotelegraphy pioneers Alexander Meissner [TJ [2] 
and Edwin Armstrong H] conceived of the first 
driven electromagnetic oscillators a century ago. Mak- 
ing the generation and detection of radio waves mani- 
festly practical, the early electronic oscillators spawned 
an avalanche of progress in radio technology. The first 
inventions were electric circuits based on triode vacuum 
tubes, yet the class of driven oscillators evolved to include 
magnetrons [5] , masers [5] , and lasers [7] , as well as many 
types of semiconductor device based circuits [8, 9 . The 
defining characteristic that distinguishes a driven oscil- 
lator from other classes is the presence of a dynamical 
instability — an instability that is typically intended to 
drive the system away from a non-oscillating equilibrium 
state to an oscillating one. Common among all driven 
oscillators are four heuristic elements: they incorporate 
gain and feedback in conjunction with frequency selective 
elements and a DC power source, e.g. a battery, to pro- 
duce sustained oscillation. Here we utilize those same ele- 
ments to implement an atom analog of a single-transistor 
electronic driven oscillator circuit. When appropriately 
coupled to an antenna or a transmission line an electronic 
oscillator transmits an electromagnetic wave, the energy 
of which is carried by photons. In an analogous fash- 
ion the atom version emits a matter wave, the energy of 
which is carried by atoms. 

Gain in the atom-based system is provided by a triple- 
potential- well atomtronic transistor [TUlH2) . Fig.[l]shows 
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FIG. 1. The atomtronic transistor. A hybrid magnetic 
and optical potential creates the overall confinement of the 
atomic ensemble as well as a "gate" tunneling junction be- 
tween "source" and "drain" wells. The upper panel shows the 
total longitudinal potential energy: the loose magnetic con- 
finement along with the 4 \im 1/e 2 full- width blue-detuned 
optical potential barriers separated by 4.8 u.m are used to 
create three wells. These are labeled at the top with S, G, 
and D for source, gate, and drain, respectively. The termina- 
tor beam, depicted by a red circular area in the drain, out- 
couples atoms from the magnetic trap by optically pumping 
them into an untrapped tuf state. The lower panel is an in- 
trap absorption image of thermal atoms on an optical depth 
scale. 



the longitudinal profile of the potential energy surface 
that defines the transistor. Borrowing the nomenclature 
of field-effect transistors (FETs) we label the three re- 
gions of the atomtronic transistor as the "source" , "gate" , 
and "drain". The bottom of Fig. [I] provides a false-color 
in-trap absorption image of atoms that have been loaded 
into the trap then subsequently cooled by RF forced evap- 
oration to about 1 |xK. The total number of atoms is 
approximately 4.5 x 10 4 . The image reveals the three 
distinct regions of the transistor. 

Much can be understood about the atomtronic transis- 
tor and the oscillator circuit through analogy with clas- 
sical electronics by substituting chemical potential and 
atom flux for electrical potential and current, respec- 
tively. Electrical quantities, such as resistance, expressed 
in S.I. units translate to atomtronic quantities by replac- 
ing Coulombs with kilograms and the charge e of the 
electron with the particle mass to. This work utilizes 
87 Rb atoms, which have a mass to = 1.44 x 10~ 25 kg. 
Here we will use familiar electrical symbols to represent 
their atomtronic analogs, except the conventional symbol 
fj, is used for chemical potential rather than the electrical 
symbol V to serve as a reminder that our circuits oper- 
ate with atoms rather than electrons. In Fig. [TJthe zero 
of potential energy is taken as the bottom of the mag- 
netic trap, although the trap bottom is biased relative to 
free space by Ub = 2.645 MHz x h, where h is Planck's 
constant. 

Quantum mechanical tunneling plays a pivotal role in 
atomtronic transistor behavior as it does also in a va- 
riety of semiconductor devices. In particular, tunnel- 
ing provides feedback coupling between the gate and the 
source and is responsible for matterwave emission from 
the gate into the drain region. Operating with atoms 
electro-magnetically cooled to sub-microkelvin tempera- 
tures, two other aspects are notably different from elec- 
tronic devices. First is the phenomenon of Bose-Einstein 
condensation (BEC) of an ensemble of atoms having in- 
teger spin, sufficiently high density, and sufficiently low 
temperature jT3l [14]. It is through the mechanism of 
BEC that a positive chemical potential can be estab- 
lished within a well [TJl [TB] ■ Thus, an ensemble of ultra- 
cold atoms in the source well, together with forced radio- 
frequency (RF) evaporation that is used to induce cool- 
ing of those atoms, serves to power the circuit. Second 
is the quantum relationship between the energy E and 
the frequency / associated with an atomic wavefunction, 
E = hf. Here onward we report energy, chemical poten- 
tial, and current, all in units of hertz and resistance as 
Hz/Hz, rather than in S.I. units, as the numerical values 
are rather less cumbersome for this atomtronics context. 
Converting to S.I. units involves multiplying an energy 
by h, a chemical potential by h/m, a current by m and 
a resistance by h/m? . 

The atomtronic transistor is implemented using mag- 
netic and optical fields in proximity to an atom chip 
comprised of a compound silicon and glass substrate. 
The atom chip, shown in Fig. [2j incorporates metaliza- 
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FIG. 2. Co-planar silicon and glass substrate atom mi- 
crochip. The vacuum (left) and ambient (center) sides of the 
chip are metalized, providing conductors through which cur- 
rent is run to create a cigar shaped magnetic trap located 
100 pm below a polished glass surface. The current scheme 
for this split "H"-wire trap configuration (right) produces a 
magnetic trap with frequencies 67 Hz x 1.7 kHz x 1.7 kHz. 

tion for producing a cigar-shaped magnetic trap using 
on-chip electrical currents combined with bias fields pro- 
duced by external electromagnetic coils. The window 
enables imaging of the atoms while they are trapped as 
well as projection of a pattern of light onto the trapping 
region [17 . In particular, the cigar-shaped magnetic trap 
is sliced into three separate regions by a pair of 765 nm 
optical barriers, that is, beams that are tuned 15 nm to 
the blue side of the D2 resonance of 87 Rb. During normal 
operation the drain region of the transistor is illuminated, 
as depicted in Fig. [T] with laser light tuned to atomic res- 
onance. This "terminator" beam causes atoms to leave 
the trap; thus, atoms entering the drain from the gate 
are effectively coupled to the (matterwave) impedance of 
the vacuum. 

The optical barriers play the role of the junctions be- 
tween different material regions of a semiconductor de- 
vice. In contrast to its electronic counterpart, the atom- 
tronic device parameters are adjustable. In particular, 
the original triode tube oscillators and their transistor 
counterparts utilize explicit electrical elements to pro- 
vide bias to the gate (or equivalent) as well as frequency 
selective feedback between the gate and other circuit el- 
ements. In our case bias and frequency selectivity are 
imposed as part of the transistor design. The barriers 
are produced using an acousto-optic modulator (AOM) 
and they are projected through the chip window using 
a high-resolution projection and imaging system. The 
width of the gate region is set by the frequency differ- 
ence between a pair of RF signals driving the AOM and 
the barrier heights are determined by the beam intensity. 

The dynamics of the transistor are largely determined 
by the characteristic frequencies of the three trapping 
regions. The longitudinal trap frequency of the gate 
is v g = 1.3 kHz while its total ground-state energy is 
shifted by optical and magnetic biases to v 9 q = 6.0 kHz. 
The longitudinal frequency of the magnetic trap with- 
out the barriers is 67 Hz and therefore with the barriers 
the longitudinal frequency is approximately v s — 134 Hz 
for the source and v& = 155 Hz for the drain. The 
transverse frequencies of all three wells are approximately 
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FIG. 3. A series of in-trap absorption images is taken during atomtronic circuit operation at 10 ms intervals for both tunneling 
allowed (left column) and tunneling disallowed (middle column) cases. Each picture is an average of 10 images taken under 
nominally identical conditions. The difference between the tunneling allowed and disallowed cases is shown in the right-hand 
column. (Note that the scale for the 60 ms case is different than the others). Vertical lines indicate the source, gate, and drain 
regions of the atomtronic transistor. The gate and drain become significantly populated in the tunneling allowed cases. The 
absorption peak at the far right of the difference images is indicative of circuit oscillation. 



i>t = 1.7 kHz. Frequency selectivity of the coupling be- 
tween the gate and the other two wells is largely deter- 
mined by the energy eigenstates of the gate well. Given 
our barrier widths, tunneling of low gate energy states is 
negligible and only states with energies near the top of 
the barriers are significantly coupled. 

Initialization of the circuit is carried out through a se- 
quence of steps described in the Methods section. The 
preparation leaves the source well with partially con- 
densed atoms having a predetermined chemical poten- 
tial and the other two wells empty. Initialization of the 
circuit in this manner can be likened to charging of a 
capacitor attached to the source of the transistor. Sub- 
sequent circuit behavior depends on what is done with 
the power supply. The experiments described operate ei- 
ther with continuous cooling through forced evaporation 
by sweeping (slowly) the RF evaporation frequency, or 
we set the RF frequency to a fixed value, which nom- 
inally causes cooling to cease, although some residual 
cooling does continue. Thus, speaking very loosely we 
say that measurements are carried out with the power 
supply either set either to "on" or "trickle" after initial 
charging. The circuit is furthermore operated with the 
transistor set in one of two configurations. The "tun- 
neling" configuration sets the barrier heights to a mean 
of 25.6 (1.4) kHz (individual barrier heights are different 
by 0.5 kHz due to their location in the magnetic trap) 
and the "no tunneling" configuration sets the mean to 
33 kHz, which precludes any significant tunneling over 
the course of a measurement. 

We observe circuit behavior through a series of ab- 
sorption image snapshots, each taken after allowing the 



circuit to operate for a given amount of time. The termi- 
nator beam is extinguished 5 ms before snapping a pic- 
ture, which is somewhat less than the drain round-trip 
time, i.e. the classical time it takes for atoms emitted by 
the gate to travel up the potential of the drain well, turn 
around, and return to the gate. Because atoms propagate 
slowly at the top of their climb, the probability density is 
maximum near the classical turning point where the po- 
tential energy of the trap is equal to the atom's kinetic 
energy. Thus, the 5 ms propagation time is sufficiently 
long to use the drain as a rudimentary spectrum ana- 
lyzer, but sufficiently short that feedback from the drain 
does not dramatically impact circuit dynamics. 

Fig. [3] shows a sequence of image triplets taken of the 
circuit operating with its power supply set to "on" . Each 
triplet consists of an in-trap absorption image for both 
the tunneling and no-tunneling modes and the third im- 
age is the difference of the first two. The difference image 
enables comparison between the tunncling-allowed and 
no-tunneling circuits and highlights features of interest. 
First is evidence of atoms tunneling from the source into 
the gate and from the gate into the drain, as indicated by 
the absence of atoms from the gate and the drain in the 
no-tunneling images. Second is the evidently substan- 
tial number of atoms in the gate. Ideally, the absorption 
image would provide direct information about the prob- 
ability density of atoms in the wells, but our imaging 
system is not optimized for quantitative determination 
of atom number in the three wells. In fact, when the op- 
tical depth is high our in-trap absorption imaging system 
underestimates the atom number [TBI US] ■ 

The absorption peak that appears on the right-hand 
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portion of the drain well signifies circuit oscillation and 
matterwave emission from the gate into the drain, ft 
is present only when tunneling is allowed, and although 
its intensity decreases with time its location remains ap- 
proximately constant, which is indicative of transistor 
gain. The position of the peak corresponds to matter- 
wave emission at an energy of = 23.2(1.0) kHz, or 
E v 2.67 MHz in vacuum, corresponding to a vacuum 
wavelength of A ss 29 nm. 

Presuming that the output is mono-energetic and the 
circuit has reached dynamical equilibrium, atoms that 
enter and then leave the gate must have an energy that 
self-consistently gives rise to the gate chemical potential. 
In circuit language we can express the steady-state con- 
dition as 



Msg l^gd 



R 



R, 



yd 



(1) 



where the i?'s are effective junction resistances and /x sff , 
figd are the potential differences between the source and 
the gate, and the gate and the drain, respectively. We 
determine the source chemical potential from time-of- 
flight absorption imaging, [T3J [H]. During oscillation 
the source chemical potential /i s varies between 6.4 kHz 
and 7.4 kHz (see below). Depending upon circuit condi- 
tions we can suppose that the source-gate junction can 
be either forward ([i sg > 0) or reversed (/i ss < 0) biased 
during operation, and in general the resistances may be 
either positive or negative. A direct and dramatic conse- 
quence of the negative resistance is ohmic cooling, that 
is, negative power dissipation due to current flow through 
the effective resistance, Pd = I 2 R. The effect can be 
seen in Fig. |4j where data is taken from time-of-flight 
measurements. The plot shows the peak optical density 
of the source condensate atoms as a function of time for 
both tunneling and no-tunneling cases. The preparation 
stage is identical to that for Fig. [3j except that in this 
case the starting source chemical potential is lower and 
the power supply is operating in its trickle mode. The 
no-tunneling case displays a nearly constant condensate 
optical density as a function of time, rising a bit due to 
residual cooling from the fixed RF evaporation frequency. 
The tunneling case, however, displays an initial growth 
of the condensate, which indicates substantial cooling of 
the source atoms and an increase of its chemical poten- 
tial. The density reaches a maximum and eventually falls 
due to the continued loss of atoms. 

Negative resistance is a familiar concept in electron- 
ics, often being used to characterize gain in the oscillator 
context [2D]. The Esaki diode is a historically signifi- 
cant semiconductor device for which the negative resis- 
tance arises in association with tunneling [2H [22] . In this 
respect, the atomtronic transistor and the tunnel diode 
have something in common. While the Fermi level of 
a semiconductor material is largely fixed, however, the 
chemical potentials of our transistor wells are dynami- 
cal quantities. Were it not for tunneling from the gate 
to the drain, thermal equilibrium would bring the source 
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FIG. 4. Optical density of the Bose-condensate within the 
source well during circuit operation with the power supply 
in "trickle" mode. The tunneling allowed case (blue) exhibits 
significant cooling, whereas the tunneling forbidden case (red) 
shows an increase in condensate optical density due only to 
residual forced RF evaporation. This additional cooling cor- 
responds to negative power dissipation. Error bars are the 
standard error of the mean for three measurements taken for 
each data point. 



and gate wells to equal temperatures and chemical po- 
tentials. In the circuit, the atomtronic transistor gate 
has initial chemical potential equal to its ground state 
energy. The first atoms to tunnel from the source well 
are those that are most energetic. This leads to a pop- 
ulation inversion in the gate: an unstable condition that 
is rapidly rectified through collisions and cooling by tun- 
neling and/or forced evaporation of the more energetic 
gate atoms [23]. As atoms collect in the gate its chemi- 
cal potential increases. 

A handful of parameters are used to characterize a 
semiconductor transistor, typically specified under quies- 
cent conditions appropriate for its intended use. In this, 
an oscillator context, we are concerned with the varia- 
tion of output frequency with circuit parameters. We are 
thus particularly interested in the transresistance, as it 
provides the dependence of the emitted matterwave fre- 
quency on the input current. We define the atomtronic 
transresistance in analogy with electronics |24) : 
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Ideally its value is zero. The transresistance is largely 
governed by the inverse slope of tunneling rate through 
the transistor barriers as a function of particle energy. 
For Gaussian barriers, the tunneling rate is exponen- 
tially dependent on the incident energy, and we there- 
fore expect the transresistance to be low. To within 
the measurement uncertainty of ±1 kHz the peak en- 
ergy of the emitted matterwave does not change over the 
course of the oscillation. The emitted current, however, 
changes significantly. We do not have a direct quanti- 
tative measure of the emitted current, yet we can arrive 



5 



40 



t 1 1 1 1 1 1 1 r 



~i 1 r 




J i L 



J i l_ 



J 1 I 



10 20 30 40 
Time (ms) 



50 



60 



8.0 



N 
I 

J* 



CD 



'7.0 



O 

i« 

u 



I 1 I 1 


1 1 1 1 1 1 1 1 










1,1, 






10 20 30 40 
Time (ms) 



50 



60 



FIG. 5. a) Number of thermal (blue squares) and condensate 
(black triangles) as well as their sum (red circles) in the source 
well during circuit oscillation, b) Chemical potential of the 
source well during circuit oscillation. The solid curves are 
meant to serve as a visual aid only. 



at an upper bound on the transresistance using tunnel- 
ing and no-tunneling time-of-flight measurement to de- 
termine atom number in the source. Fig. [5^ shows the 
number of atoms in the condensate and thermal compo- 
nents as well as their total, as a function of time under the 
same oscillator conditions as for Fig. [3j We assume that 
the fraction of atoms in the gate is a negligible contri- 
bution so that the measured atom number corresponds 
to those in the source well. The average current over 
60 ms is It = 250 kHz. The same measurement for the 
no-tunneling case Int = 170 kHz. We suppose that the 
difference is the average drain current: Id = 80 kHz. Us- 
ing the average drain current and the uncertainty for the 
output energy provides a rough bound on the transresis- 
tance, r m < 0.01 Hz/Hz. 

The chemical potential of the source, shown in Fig.[5]D, 
can be estimated from the number of condensed atoms 
N sc using 
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where a s is the scattering length, a s ~ 5.3 nm, and 

1/3 

v s = {v s vt 2 ) ■ While the formula is valid for a har- 
monic trap, we expect that the corrections accounting 
for the source well geometry to be of order unity. Know- 
ing the source potential allows us to calculate the closed- 
loop circuit potential gain analogous to voltage gain of 
an electronic circuit: 
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As seen in Fig. [5]d, the source potential varies between 
6.4 kHz and 7.4 kHz during oscillation; closed-loop gain 
thus varies from 3.1 to 3.6. 

We have presented an atom based system that is anal- 
ogous to an electronic single-transistor driven oscillator 
circuit. The central element is an atomtronic transistor 
in which the biasing as well as the frequency selectivity 
and feedback are incorporated by design in the transis- 
tor implementation. We have demonstrated cooling as- 
sociated with tunneling in the transistor, which we have 
interpreted in terms of negative resistance and which in- 
dicates the availability of gain. We have calculated an 
upper bound for the transresistance of the device and de- 
termined the closed-loop gain for the circuit. During op- 
eration the circuit produces a nominally mono-energetic 
matterwave, which is a signature of driven oscillation. 
The instability that defines the circuit as a driven oscil- 
lator arises from the coupling of the initially unoccupied 
states of the gate well to occupied states of the source 
well. We have stated that the source atoms along with 
forced RF evaporation serves as our power supply. We 
purposefully chose the RF sweep rate so as to maintain a 
nominally constant source chemical potential: it is pre- 
cisely the function of an electro-chemical battery to main- 
tain a constant voltage to power an electrical circuit. The 
15% variation in potential evident in Fig. [5]d is, in fact, 
comparable to what one expects over the life of a typi- 
cal carbon-zinc battery, for example [25 . Certainly our 
"battery" is not a very good one, as its reservoir of atoms 
is very finite, starting out with about 3.5 x 10 4 or so 
atoms at 750 nK. A current source continuously sup- 
plying low temperature atoms to the transistor would be 
ideal. There are on-going efforts to produce a practical 
source for continuous BEC 23, 26 30 ; although techni- 
cally challenging, we expect that this will be achieved. 
That the matterwave oscillator power supply does not 
require coherence among the atoms in fact relaxes some 
of the challenges for continuous wave operation. 

We presume that the earliest driven oscillators were 
mechanical clocks, such as the grandfather clock that uti- 
lizes gravitational energy to sustain oscillation of a pen- 
dulum. Its operation, too, can be cast in terms of gain, 
feedback, frequency selective elements and a power sup- 
ply. As sources of electromagnetic waves, driven oscilla- 
tors of many types have left a noble legacy of technology 
and scientific advancement, beginning with the early days 
of radio. The matterwave oscillator may likewise have a 
significant role to play in the development of atom-based 
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sensors, and perhaps in quantum information processing 
as well. 
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METHODS 

The transistor oscillator is initialized by first loading 
thermal 87 Rb atoms into a magnetic trap located 100 |xm 
below the surface of an atom chip. The two optical barri- 
ers separated by 4.8 |xm are then swept along the weakly 
confined axis of the magnetic trap from the far right (see 
Fig. [I]) towards the left to their final position by ramping 
the central drive frequency of the acousto-optic modula- 
tor used to produce the barriers. This loads all of the 
atoms into the source well of the hybrid trap. The barri- 
ers are held in place at the center of the magnetic trap as 
the atoms are cooled below the critical temperature us- 
ing forced RF evaporation. During this evaporation the 
height of the barriers is lowered from 90.8 (4.9) kHz to 
a hnal height of 25.6 (1.4) kHz for the tunneling-allowcd 
experiments. The optical intensity dependence of the 
barrier heights is calibrated by measuring the tunneling 
rate of a nominally pure condensate through a single bar- 
rier as a function of optical intensity and subsequently 
fitting this measured value to theoretical rates [3lJ [32] . 



